In this study, an integrated system of harvesting, collecting, and transporting willow biomass crop to a storage site was modeled and evaluated using the IBSAL simulation model. A scenario analysis was used to quantify the impacts of five major input parameters on the performance of the integrated system. These parameters include parcel size, field shape, willow yield, distance to the storage site, and type of the collection equipment. Multiple performance indicators were identified to quantify the impacts on the system such as size of the equipment fleet, effective material and field capacity of the harvester, operating costs, and waiting times. The input data were collected from 36 commercial, short-rotation, shrub willow fields in northern New York State. The simulation results indicated that crop yield and type of collection equipment have the highest impact on operating costs and the equipment fleet size. As the size of equipment fleet increases in the system, variability in the system performance tends to increase. Field shape has the least impact on the overall system performance compared to the other four input parameters. The simulation results suggest that a combination of performance indicators need to be considered to evaluate the overall performance of the dynamic and complex system of harvesting, collection and transportation in commercial willow fields. The developed IBSAL model and scenario analysis approach can assist in planning this system based on the characteristics of field, crop, and logistical equipment to reach a high system performance.
Introduction
The increasing demand for renewable energy feedstock has raised interest in growing short-rotation woody crops (SRWC) such as willow, hybrid poplar, and eucalyptus for the production of bioenergy, biofuel, and bioproducts [1] [2] [3] . However, the commercial deployment of SRWC has been hampered by the high costs of production and harvesting. Harvesting costs can make up a large share (up to 45%) of the total cost of delivery to end users [4] [5] [6] [7] [8] . Reducing harvesting and postharvest logistics costs is critical to make these crops an attractive feedstock for bioconversion facilities. For example, $7.50/Mg dry ($0.47/GJ) reduction in the SRWC delivered cost can be achieved by 25% increase in harvester efficiency [9] . Harvesting is also the second largest input of primary fossil energy in the system, after commercial N fertilizer, and accounts for about one third of the energy input [10, 11] .
Several harvesters have been developed for SRWC including small and large single-pass cut-and-chip harvesters, whole-stem harvesters, cut-and-bale harvester, and cut-andbillet harvesters [3, 7, 9, [12] [13] [14] [15] . Among them, single-pass cut-and-chip harvest appears to be the most popular harvest practice due to its operational flexibility under different field and crop conditions, and lower operating costs [2, 9, 12, 13, [15] [16] [17] . Currently, this harvest practice usually employs a modified forage harvester to cut SRWCs, chip them into target particle sizes and blow them into collection equipment driving alongside the harvester. This harvest method resembles conventional forage harvests, providing an advantage in regions that are familiar with these operations and where forage harvesting equipment is commercially available. The potential to generate usable chipped material in the field could complement other woody biomass supply chains by using the same handling and transportation equipment and storage practices and by blending with existing woody biomass streams for heat and power applications [9] . In addition, delivery of chipped material with predictable and consistent particle sizes can eliminate the need for further size-reduction of this material at a conversion facility and reduce the cost of on-site preprocessing [18] . Characteristics such as ash, moisture, and energy content vary with factors such as cultivar, crop age, site, harvest time and weather conditions [13] so monitoring is needed, especially during long-term storage, to ensure that quality specifications of end users are met using single-pass cut-andchip harvest system.
To reduce the logistics costs, the interaction among harvest, collection and transportation equipment needs to be understood. Different tools have been developed mainly for the conventional crops including forage and row crops to evaluate the performance of harvest, collection and transportation operations. Harrigan [19] conducted a time-motion study of corn silage harvest on seven Michigan dairy farms. The objective of the time-motion study was to identify representative forage harvester throughput and cycle times, travel speeds of the collection equipment, and time in maneuvering collection equipment in the field and near storage. The results showed that about 85% of the harvester cycle time was available for processing silage, and 15% for turning on headlands and waiting for collection vehicle when collection vehicle were driving alongside the harvester. In contrast, when collection vehicle were drawn behind the harvester, about 75% of the harvester's cycle time was available for harvesting corn silage. Buckmaster and Hilton [20] implemented a spreadsheet to evaluate the interaction of equipment and operational changes on dynamic agricultural systems using the cycle diagram. They computed cycle time, system capacity, idle time for each machine, and efficiency of harvester, transporter, unloader, and labor. In addition to the evaluation of the interaction between the logistics equipment, minimizing the time spent in the headlands was also studied to optimize the field traffic [21] [22] [23] .
Despite the similarities of harvest and collection operations between conventional crops and SRWCs, there are additional factors that add to the complexity of the harvest method for SRWCs. The realized yields of SRWCs could be up to 100 Mg ha −1 at harvest time [2] . Such high yields impact the ground speed of harvester as effective machine capacity plateaus. Age of SRWCs, cultivar type, rotation period, and planting density are other influential factors [9, 13] . In addition, row spacing, sharp stools, stem fragments, and cut stems that are left after harvesting and the expectation that the crop will regrow from the remaining stool impacts the movement of harvest and collection equipment. These pieces of equipment have to straddle crop rows and cannot move across rows to change positions or remove harvested material from the field because of the potential for tire punctures and other damage to equipment. These constraints on the movement of equipment affect the efficiency of the field operations and require a different analysis than something like forage crops. Several studies have tested and evaluated single-pass cutand-chip harvest for SRWCs including northeastern USA for harvesting willow [9, 13] , Midwest and Pacific Northwest USA for harvesting hybrid poplar [24] , Europe for harvesting willow and poplar [15, 25, 26] , and Brazil for harvesting eucalyptus [2, 27] . The focus of these studies has been on evaluating the performance of the forage harvesting equipment fitted with a dedicated SRWC cutting header for a wide range of work conditions such as field stocking (i.e., yield), target chip length, cultivar type, tree age, planting density, and row system. For example, Spinelli et al. [25] developed a deterministic model to evaluate the performance of modified foragers on a range of short-rotation poplar plantations. The developed model estimates the harvesting cost as a function of crop density, row length, machine power, and expected level of delays. However, no published work, to our knowledge, has attempted to evaluate the collective performance of harvest, collection, and transportation for SRWCs in a systematic approach. A systematic evaluation considers the interaction and connectivity among three operations of harvesting, collection, and transportation in commercial SRWCs fields.
In this study, an integrated system of harvesting and collecting willow biomass crop in the field and then transporting the material to an intermediate storage site was modeled and analyzed. Using the IBSAL simulation model, scenario analysis and the input data from 36 commercial, short-rotation, shrub willow fields in northern New York State, the impacts of five major input parameters on the performance of the integrated system were quantified. These parameters include parcel size, field shape, crop yield, transportation distance to the intermediate storage site, and type of the collection equipment. Several performance indicators were identified to evaluate impacts of these parameters on the system such as size of the equipment fleet, effective material and field capacity of the harvester, operating costs, cycle time of collection equipment, headland times, and waiting times. By modeling and evaluating the performance of single-pass cutand-chip harvest system in commercial shrub willow fields, this paper aims to enhance the understanding of the dynamics and complexity of the harvest, collection, and transportation of willow biomass. The simulation analysis in this paper helps plan these operations based on field and crop characteristics and the type of field equipment, improve the overall performance of the integrated system, and lower the total cost of harvesting, collection, and transportation. In the reminder of this paper, the system refers to the combination of harvest, collection, and transportation of willow biomass to an intermediate storage site in commercial willow fields.
Materials and Methods

Site Description
This study used data from 36 commercial, short-rotation, shrub willow fields within 11 parcels, totaling 450 ha in northern New York State. A parcel is comprised of a single or group of adjacent fields. In each parcel, some acres are intentionally left unplanted. These unplanted acres allow for additional headland space to accommodate the efficient turning of machinery and other areas that are left unplanted for different reasons such as access roads, drainage ditches, landings for short-term storage and loading of harvested biomass, hedgerows, and unsuitable land [28] . An example of a parcel and its commercial willow fields is shown in Fig. 1 . This parcel is comprised of four willow fields with different sizes and shapes.
In a single-pass, cut-and-chip harvest system, two to five pieces of equipment are working together to harvest, collect, and transport willow chips to a storage site or to an end user (e.g., biomass power plant). The number of pieces of equipment depends on the type of collection machinery used in the harvest system (e.g., pull type or self-propelled), the equipment size and capacity, location of storage size, field configuration including headland sizes and layout, and ground conditions. The collection equipment can be a dump wagon pulled by a tractor, a silage truck or under the right conditions, a chip trailer pulled by a tractor truck. In some cases, the collection and transport equipment can be the same unit such as silage trucks. If storage is located at the edge of the field (i.e., roadside storage), dump wagons can unload the collected wood chips at the field edge. If storage is further away, silage trucks or chip trucks can make direct deliveries to an intermediate storage site. In such cases, large piles of willow chips are stored at the intermediate storage as opposed to smaller storage piles at the roadside of individual willow fields. It should also be noted that not every willow field has an appropriate roadside landing for storage or loading large trucks.
In an optimal harvest system, all machines are kept busy to maximize their productive times and to minimize their operating costs. However, since these machines are working simultaneously, delays and waiting times are inevitable in a commercial-scale harvest system.
Methodology to Simulate the Willow Harvest, Collection, and Transportation System
Harvest, collection, and transportation operations interact several ways that influence their collective performance (Fig. 2) . Figure 2 shows the dynamics of these operations for a case in which collected willow chips are transported to an intermediate storage site. Intermediate storage is usually located in close proximity to multiple willow fields to minimize cycle times and number of handling and transportation operations. Thus, in this storage scenario, full dump wagons and carts unload willow chips into chip trucks at the roadside of the field and then chip trucks deliver wood chips to the intermediate storage site. Due to the high-tipping capability of wagons and carts, they load willow chips directly into the chip trucks without the need for loading equipment. The distance of intermediate storage from willow fields influences the number, type, transportation time, and cost of vehicles moving between the storage site and the willow fields. It also affects the field operations as the collection equipment may need to wait to unload willow chips until a truck is available. No storage pile at the roadside of individual willow fields is considered in this study.
Fifteen key operating states of these units were considered for a commercial willow field and are illustrated with the following numbers in Fig. 2: 1. Harvester is cutting, chipping, and blowing willow biomass into the collection equipment driving alongside the harvester. 2. Harvester is waiting for the collection equipment to arrive. This could happen in the field or at the headland. Fig. 1 Example of a parcel and its commercial willow fields in New York State. The total field area or potentially tillable acreage (in black) of this parcel is 16.6 ha, whereas the total area planted with willow (in red) is 12 ha. Thus, of the potentially tillable acreage on which rent/taxes is being paid, 28% is unplanted, either for headlands, uncleared obstructions, failed establishment, or other reasons [28] 3. Harvester and collection equipment are traveling to the next willow row, repositioning and turning at the headland to start harvesting the next row. Harvest and collection equipment may turn and start harvesting the adjacent row or skip a few rows depending on field geometry, headland width, and equipment size. 4. Harvester operator is checking the equipment to avoid breakdowns and longer delays. These checkups usually occur during the time waiting for the collection equipment to arrive. This status is part of scheduled and routine maintenance and checkups. 5. Empty collection equipment is driving behind the collection equipment that is being loaded, waiting for the harvester to finish loading this collection equipment. 6. Full collection equipment is driving away from the harvester and to the roadside of the field to dump willow chips into an empty chip trailer. 7. Full collection equipment is aligning with the chip truck, dumping the load into the chip trailer. 8. Empty collection equipment is driving away from the roadside of the field to reengage with the harvester. 9. Full collection equipment is waiting for the next empty chip truck to arrive at the fieldside so it can unload. 10. Empty chip truck is waiting at the roadside for the next full collection equipment to arrive. 11. Full chip truck is transporting wood chips to an intermediate storage site (road transportation).
12.
Truck is unloading wood chips at the intermediate storage site. 13. Empty chip truck is returning to the roadside of a willow field. 14. Full chip truck is waiting in a queue at the intermediate storage site to dump wood chips. 15. Unexpected equipment failures and breakdowns may occur such as feeding issues, metal detection, flat tires, and getting stuck in the mud. These failures and breakdowns are not part of scheduled and routine maintenance and checkups that usually occur before/after working hours. They may happen during each of the above operating conditions.
The combination of different states for multiple pieces of equipment creates a dynamic and complex system that should be optimized to reduce costs. To understand these dynamics, a modified version of the IBSAL simulation model was used in this study. IBSAL is a Monte Carlo simulation model that analyzes the logistics operations in biomass supply chains given the dynamics and stochastic nature of supply systems and the local conditions of the supply area such as weather conditions, road network, and harvest window [30, 31] . The modifications made to IBSAL for willow crops capture all the key operating conditions identified for harvesting, collection, and transportation equipment in commercial willow fields, on the road and in the intermediate storage site (Fig. 2) .
Willow field
Road transportation
Intermediate storage site Each number represents a specific status of the system (some of the pictures are adopted from [7] ). To facilitate the movement of field equipment, willows are planted in a double-row system with 1.52 m (5 ft) between double-rows, 0.76 m (2.5 ft) between rows, and 0.61 m (2 ft) between plants within rows [29] . Width of the two headlands on two ends of the willow rows is assumed to be 9 m (30 ft) to accommodate the efficient turning of machinery. Road access on the other two sides of the field is assumed to be 3 m (10 ft) to accommodate the collection equipment and trucks traffic on the roadside of the field [28] In this study, the impacts of five parameters on the system performance were quantified. These parameters include parcel size, field shape, crop yield, type of collection equipment, and distance from the intermediate storage site. Parcel size and field shape vary with local geography. The parcel and field geometry generally dictate the number and length of willow rows which affect the movement of the harvest and collection equipment in the field and their productive times. Crop yield varies with soil type and conditions, cultivar type, crop age, rotation period, and crop management. Willow yield mainly impacts the effective field capacity of the harvester (ha/h), especially at higher yields [9, 13] .
Type of the collection equipment also impacts the system performance due to the difference in travel speed, equipment cost, load volume, and unloading time. Four types of collection equipment were used in the case study to collect willow chips ( Fig. 3 ) including forage wagon, ten-wheeled silage truck, vertical-lift two-wheel dump cart, and vertical-lift sugarcane wagon. In the reminder of this paper, these machines are called silage truck, dump cart, cane wagon, and forage wagon. Due to the size and weight of 18-wheeled chip trucks, they usually have poor maneuverability and there is a high risk of tire punctures entering and exiting the rows. Fields with the necessary field geometry and ground conditions to operate this piece of equipment effectively are uncommon. This piece of equipment was only considered to transport willow chips from the roadside of willow fields to the intermediate storage site.
Dump cart, cane wagon, and forage wagon unload willow chips directly into chip trucks at the roadside of the field. In contrast, silage truck removes the need for chip trucks because this piece of equipment is self-propelled with enough power to move in fields and on the main roads. It collects willow chips from the harvester, transports them inside the field, and delivers and unloads them at the storage site. Thus, no loading operations take place at the fieldside.
The last variable parameter considered was the distance from willow fields to the intermediate storage site. This distance depends on the location of the fields and the availability of a suitable location to establish an intermediate storage site with close proximity, suitable ground conditions, and enough room to operate loaders and tractor trailers.
Scenario Analysis Approach
A scenario analysis approach was developed to quantify the impacts of these five parameters on system performance. This approach is comprised of five following steps.
Step 1. Develop scenarios for each parameter: To quantify the impact of each parameter on the system performance, multiple scenarios need to be developed, modeled and compared. For parcel size, willow yield and transportation distance, three scenarios were developed based on the least, mean and greatest observed values. These values were determined based on the collected data from field trials [9, 13, 28] . These data were collected by personnel from State University of New York (SUNY), College of Environmental Science and Forestry during harvesting operations in central and northern New York over the past 5 years (2013-2017). For each parameter, the three scenarios were called scenario A (SA)-least observed value, scenario B (SB)-mean observed value, and scenario C (SC)-greatest observed value. For field shape, three scenarios are also considered including rectangular (SA), square (SC), and a mix of square and rectangular shapes (SB) to study the effects of field shape on system performance. For last parameter, since four pieces of collection equipment were considered to evaluate the impact of collection equipment type on system performance, a forth scenario, scenario D (SD), was considered for this input parameter in addition to SA, SB and SC. The four scenarios for collection equipment were dump cart (SA), cane wagon (SB), forage wagon (SC), and silage truck (SD). (5) 18-wheeled chip trucks, to transport willow chips from roadside of fields to the intermediate storage site [9, 13] Table 1 shows the list of all considered scenarios in this study and the values for the input parameters in each scenario. It is noted that the focus of this study was on measuring the impact of each of these parameters separately on system performance, while other three parameters were held constant at their baseline/mean values. Thus, the impact of all parameters in a factorial scheme was not the scope of this study. The following steps further explain how all the scenarios were modeled and compared in this study.
Step 2. Identify performance indicators: Several performance indicators were identified to compare developed scenarios for each parameter in step 1 and measure their collective impacts on system performance. Table 2 lists the performance indicators considered in this study.
Step 3. Define the baseline scenario: SB serves as the baseline scenario as it contains the mean values of the input parameters (i.e., 41 ha, mix of square and rectangular fields, 55 Mg wet /ha, 5 km and cane wagon). The baseline scenario was used as the basis to quantify the impact of each parameter on the performance indicators by comparing SB with SA, SC, and SD.
Step 4. Run the IBSAL simulation model: For each parameter and scenario, the IBSAL simulation model was run for 1000 replications. For a given input parameter, the value of that parameter changed for its scenarios in Table 1 while the values of other four parameters were held constant and assigned from the baseline scenario (SB). For example, the assigned values to the parcel size were 11, 41, and 85 ha in SA, SB, and SC, respectively, while the other four parameters were given values of their SBs in all simulation replications associated with parcel size. Thus, in total, 12 scenarios were developed and examined, as shown in Table 1 (i.e., 12,000 simulation runs for 12 scenarios in Table 1 ). To count 12 scenarios in Table 1 , scenario B is considered the baseline for all input parameters (one scenario B), there are five scenarios A and five scenarios C for all input parameters. The last column shows scenario D for the collection equipment.
The IBSAL simulation model was run for multiple replications to capture the dynamics and stochastic nature of the willow harvest system. As explained in the BMaterials and Methods^section, there is a strong connectivity and interaction among harvest, collection, and transportation operations. The element of time in the IBSAL simulation model captures the dynamic of the system. In addition, variability in input parameters indicates the stochastic nature of the system. Tables 3 and 4 list the main input parameters for harvest, collection, and transportation equipment. As shown in Tables 3 and 4 , some of the input parameters were variable including field and road speed of equipment, machine breakdown and repair time, dry matter losses, headland time, loading and unloading times, winding factor for transportation, moisture content of harvested willow, bulk density of willow chips, and unplanted area in a parcel. The rest of input parameters were considered to be constant. The distributions of 
a Baseline scenario variable input parameters were developed in IBSAL based on the collected data from field trials. Given the distribution function for each single variable input parameter, IBSAL created a random value in each simulation replication, and then the system performance was measured accordingly. Thus, each IBSAL replication shows the performance of the system under a specific set of input data and system conditions. Therefore, multiple replications were essential to represent the overall performance of the system under various possible operating states and conditions.
Step 5. Compare the simulation results between scenarios for each input parameter.To quantify the performance indicators in Table 2 , the number of pieces of equipment for harvesting, collection, and transportation operations was determined by minimizing the total cost of these operations for each scenario using the ExtendSim Optimizer. Then, IBSAL was run for 1000 replications based on the obtained numbers of harvest, collection and transportation equipment. ANOVA was used to test differences between operating costs of the scenarios for each input parameter. If the p value of ANOVA results was significant (p value < α), then a post hoc test (i.e., Tukey test) was run to determine if there was a statistical difference between each pair of scenarios. A significance level of 0.05 was considered in one-way ANOVA test (α = 0.05). In the post hoc test, the q statistic was calculated for every pairwise scenarios and compared to the critical value for the studentized range distribution for q. Tables 5, 6 , 7, 8, and 9 summarize the impact of five input parameters on the performance indicators. Each table shows the simulation results for one input parameter and its The rate of the field coverage by the harvester based on its actual cut width and field speed Efficiency (%) Ratio of productive machine time to scheduled machine time. Productive time is the total time a machine performs its designated functions: (1) for harvester, it is the sum of cutting, chipping and blowing willow chips into collection equipment; (2) for collection equipment, it is the sum of collection, in-field hauling and unloading into chip trailer at the roadside of the field; and (3) for chip trucks, it is the sum of loading, transportation and unloading at storage pile. Any other time spent within the scheduled machine time will be treated as unproductive (i.e., waiting times, headland times, machine breakdown and repair, truck weighing). Scheduled machine time is described as the time during which equipment is scheduled to do productive work. It is assumed to be 10 time/day. Both machine efficiency and system efficiency are estimated. System efficiency is the collective efficiency of the entire system of harvesting, collection and transportation.
Results and Discussion
Operating costs ($/Mg dry ) Sum of the costs of harvest, collection and transportation operations. The operating cost for each piece of equipment includes the total cost associated with productive and unproductive operations within the scheduled machine time. For example, the operating cost of the harvester is estimated based on the sum of harvesting times, headland times, waiting times, and breakdown and repair times (total time (h) × hourly rate ($/h)). Harvested willow biomass (Mg dry )
Dry mass of harvested willow biomass Completion day
Number of days to complete harvest, collection, and transportation operations Cycle time of collection equipment Total time when the collection equipment begins to receive chips and ends after it unloads and returns to the harvester queue for its next load (i.e., sum of loading, in-field hauling, and unloading) Headland time ratio (%)
Ratio of total headland time to total scheduled machine time. Headland time is the sum of travel time to the next willow row, reposition time, and U-turn time. After finishing a row, harvest and collection equipment may start harvesting the adjacent row or skip a few rows, depending on field geometry, headland width, and equipment size. Parcel Size Table 5 shows the impact of the parcel size on the system performance. It was estimated that four to six pieces of collection equipment and two chip trucks were required to support one harvester in all three scenarios. The lowest C m , C f and system efficiency were observed in SA mainly because of longer total turn time of harvester and collection equipment at headlands in a small parcel size compared to those of SB and SC. Compared to SA, C m and C f increased by 6% in SB and 13% in SC and system efficiency increased by 18% in SB and 19% in SC as the field equipment were used more efficiently in larger parcel sizes. In addition, small parcel size in SA resulted in the longest waiting time of collection equipment as collection equipment moved shorter distances between the harvester in the field and the field edge and had to wait either for the harvester or the chip truck. The mean cycle time increased 33 and 66% in SB and SC compared to SA. As a result, the number of pieces of collection equipment increased twice and three times in SB and SC compared to SA. Likewise, the number of chip trucks needed to support these operations increased twice in SB and SC. However, greater C m , C f and system efficiency in SB and SC compared to SA did not necessarily translate into the lower total operating costs. C m and C f only reflect the performance of the harvester not the entire system. In addition, larger parcels in SB and SC would require larger fleet size to finish field operations in a short period of time. The harvested willow biomass in SB and SC was about four times and seven times that of SA. The significant differences between the amounts of harvested biomass also impacted the number of wagon loads and truck loads handled by cane wagons and chip trucks, as . Harvester field speed mainly depends on the willow yield at the harvest time, described by an empirical distribution.
Least observed value, 2 Greatest observed value, 9
Biomass not collected and left on the field after harvesting operations (% of standing biomass)
e,f,g , described by a uniform distribution: U (a,b), a is the least observed value and b is the greatest observed value.
U(4, 9)
Headland time (min) e,f,g , described by an empirical distribution. Rare occasions in some fields such as drainage ditches (1.5% of collected data) resulted in longer headland times (over 4.5 min). These occasions were excluded from headland times in this study. , described by a uniform distribution.
U (13,28)
a Webb et al. [32] b Personal communication with New Holland Agriculture Inc., February 2017 c Hourly rate includes both fixed and variable costs: capital recovery (depreciation and interest), repairs and maintenance, fuel and lubrication, insurance, housing and taxes, and labor d Turhollow et al. [33] e Eisenbies et al. [9] f Eisenbies et al. [13] g Collected by personnel from State University of New York (SUNY), College of Environmental Science and Forestry during harvesting operations in central and northern New York over the past 5 years (2013-2017) h Ebadian [30] i Nilsson and Hansson [34] j Heavey and Knipfing [28] shown in Table 5 . Larger fleet size complicated the interaction and coordination among harvest, collection, and transportation equipment which resulted in longer unproductive time such as waiting time and more variability in the operating costs. Waiting time ratio of harvesters and loading, weighing and unloading time ratio of trucks were higher in SB and SC [36] i The winding factor is a coefficient used to estimate real travel distance using vector distance between two points on the road network. It is basically overall road distance between two spots divided by vector distance between them. If a vehicle is driving on a straight road with no turns, the winding factor would be 1 [35] j Ebadian [30] k Nilsson and Hansson [34] compared to SA. Waiting time ratio for harvester in SB and SC was 116 and 133% more than that of SA. In addition, loading, weighing, and unloading time ratio of trucks in SB and SC was 4 and 7% more than that of SA. Greater coefficient of variation in SC shows higher relative variability in the total operating costs in this scenario compared to the other two scenarios mainly due to larger fleet size. The distributions of total operating costs for SA, SB, and SC are shown in Fig. 4 .
Field Shape
Simulation results indicated that three farm shapes considered in this study did not result in significant differences in some of the performance indicators such as equipment fleet size and collective system efficiency ( Table 6 ). The main impacts of field shape were observed in turn times at headlands and waiting times of equipment due to the differences between lengths of willow rows. Willow rows in SC were 30 and 18% shorter than those of SA and SB, respectively. Thus, in SC, headland turns occur more frequently than the other two scenarios. Headland turn times ratio for harvester in SC is 36% more than SA and 21% more than SB. The shorter length of willow rows in SC also resulted in longer waiting times of collection equipment and shorter cycle time since collection equipment moved shorter distances between the harvester and the field roadside. In contrast, shorter cycle time in SC resulted in less time that the harvester had to wait for the next empty collection vehicle. This can be observed in waiting time ratio for harvester in Table 6 . As explained in Fig. 2 , width of the two headlands on two ends of the willow rows was assumed to be 9 m (30 ft) to accommodate the efficient turning of machinery. Thus, headland was not considered to be a constraint in all three scenarios for field shape. Inadequate and poor conditions of headlands can have a significant impact on the performance of harvest and collection operations and their associated costs [13, 37] . a The IBSAL simulation model determined the number of pieces of harvest, collection, and transportation equipment by minimizing the total cost of these operations for each scenario b In addition to mean operating costs, standard deviation and coefficient of variation were estimated and used as performance metrics to show the level of variability in operating costs c Results of one-way ANOVA showed that statistically there is a difference between mean operating costs of three scenarios (p value < α = 0.05) d Results of post hoc test showed that statistically there is a difference between mean operating costs of SA and SC, and SB and SC (q value > 3.31), but there is no difference between mean operating costs of SA and SB (q value < 3.31)
Willow Yield
Previous studies have shown that willow yield has a significant impact on the effective field and material capacity of the harvester [9, 13] . This impact can be observed in estimated C f and C m ( Table 7) . With the increase in willow yield, the operator has to adjust the speed of the harvester to assure a smooth harvesting operation, avoid overloading the engine, minimize the amount of unharvested willow biomass, and avoid damage to the equipment given the ground and crop conditions. The mean speed of the harvester in SA was 14 and 78% higher than those of SB and SC, respectively. The decrease in harvest speed resulted in lower C f in SB and SC compared to SA. However, C m increased due to the increase in the yield. C m in SA was 108% less than SB and 140% less than SC. This significant reduction in C m in SA resulted in higher harvesting cost due to the low throughput of the harvest system. The mean operating cost of the harvester in SA was estimated to be 112 and 134% greater than those of SB and SC, respectively. The difference in harvester costs is reflected in the overall operating cost which is over $49/Mg dry in SA and under $33/Mg dry for SB and SC. Despite significant differences between C m and harvesting costs of SA and SB and SC, such differences were not observed in the system efficiency. System efficiency in SA was only 5-7% lower than SB and SC. That is because system efficiency reflects the utilization of the equipment during their scheduled machine hours. Although the throughput of the harvester in SA was significantly lower than that of SB and SC, the harvester was still working but at lower production rate. The obtained results for C m , C f , operating costs, and system efficiency for three yield scenarios suggest that a combination of performance indicators should be considered to evaluate the overall performance of the system. a The IBSAL simulation model determined the number of pieces of harvest, collection and transportation equipment by minimizing the total cost of these operations for each scenario b Results of one-way ANOVA showed that statistically there is a difference between mean operating costs of three scenarios (p value < α = 0.05) 3 Results of post hoc test showed that statistically there is a difference between mean operating costs of SA and SB, SB and SC, and SA and SC (q value > 3.31)
Greater coefficient of variation in SC compared to SA and SB shows higher relative variability in the total operating costs in this scenario compared to the other two scenarios mainly due to large fleet size. For each harvester, six collection equipment and two chip trucks were required in SC. The number of these pieces of equipment were 4-5 and 2 in SB and 3 and 1 in SA. In addition, larger fleet size resulted in longer unproductive time such as waiting time. Waiting time in SC was 7 and 9% more than those of SA and SB, respectively. In addition, loading, weighing, and unloading time ratio of trucks in SC was 9 and 11% more than those of SA and SB, respectively. These results are in agreement with Spinelli and Visser [38] as they showed that two thirds of the total delay time are represented by organizational delays, emphasizing the crucial role of operation management.
Transportation Distance Between Willow Fields and the Intermediate Storage Site
As expected, the main impact of changes in transportation distance was observed in operating costs. Mean transportation cost in SC was 47 and 21% greater than those of SA and SB, respectively. Figure 5 shows different time components of a chip trailer-truck simulated in IBSAL in the baseline scenario, SB. About 18% of the total operating time was spent on transportation between fields and storage site. Waiting times at willow fields contributed~23% to the total scheduled machine hour. The other two timeconsuming operations were loading and unloading. All of these productive and unproductive times contributed to the high transportation costs for such short haul distances. Reduction in waiting, loading, and unloading times would reduce transportation cost, substantially. Other parameters that contributed to the high cost of transportation were bulk density and moisture content of harvested willow chips. As shown in Table 3 , the bulk density of harvested willow chips were reported range between 170 and 260 kg/m 3 (10.61-16.23 lb/ft 3 ) and moisture content range between 37 and 51% (wet basis). Given the load volume of the chip trailer (89 m 3 ), the payload weight of the chip trailer was estimated to be in the range of 7.41 to 14.58 Mg dry . a The IBSAL simulation model determined the number of pieces of harvest, collection, and transportation equipment by minimizing the total cost of these operations for each scenario b Results of one-way ANOVA showed that statistically there is a difference between mean operating costs of three scenarios (p value < α = 0.05) c Results of post hoc test showed that statistically there is a difference between mean operating costs of SA and SB, SB and SC, and SA and SC (q value > 3.31)
The differences between C m and C f were not significant due to similar field and crop conditions (i.e., parcel size, field shape, and willow yield) in all three scenarios. The same number of harvester and collection equipment were used in all scenarios. The number of chip trucks was estimated to be 3, 4, and 5 in SA, SB, and SC, respectively. Lower system efficiency in SA compared to SB and SC can be explained by longer total waiting times of harvester and collection equipment due to fewer number of trucks in SA compared to SB and SC. Waiting time ratios for harvester and collection equipment in SA is about 24% higher than SB and 21% higher than SC.
Collection Equipment
The main impact of the type of collection equipment was observed in operating costs and number of collection equipment. Simulation results suggest two harvesters need to be supported by 20 dump carts (SA), 9 cane wagons (SB), 14 forage wagons (SC), or 7 silage trucks (SD). SA resulted in the greatest operating costs due to small size of dump carts. Mean operating costs in SA were 47% greater than SB, 32% greater than SC, and 106% greater than SD. The load volume of the dump cart was 62% less than SB, 40% less than SC, and 75% less than SD. A harvesting system with silage trucks had the lowest mean operating costs ($23.25/Mg dry ). In addition to the greater load volume compared to other collection equipment and the lowest purchase cost, silage trucks remove the need for chip trucks because silage trucks are self-propelled with enough power to move in fields and on the main roads. Thus, in SD, only seven silage trucks were required to collect willow chips from the harvester, transport them inside the field, and deliver and unload them at the storage site. Thus, no loading operations took place at the fieldside in SD.
A smaller fleet size and fewer operations in SD also resulted in greater C m , C f and system efficiency ( Table 9 ). In contrast, SA had the lowest C m and C f due to the large number of fleet size in SA. A large fleet complicated the coordination of harvesters, collection equipment, and chip trucks. Simulation results suggest that SA had the highest total waiting time ratio in SA. Total waiting time ratio in SA was 12% greater than SB and SC and 117% greater than SD. A large fleet size also resulted in greatest coefficient of variation in operating costs, a measure of relative variability. Coefficient of variation in operating costs in SA was 34% greater than SB, 14% greater than SC, and 87% greater than SD.
Although C m in SC is 6% more than that of SB, this is not reflected in total operating cost as the total cost in SC is 11% more than that of SC. As described earlier, total operating cost is the sum of the costs associated with harvesting, collection, and transportation operations. Greater C m is SC can be explained by lower waiting time ratio of the harvester in SC compared to SB (Table 9 ). In SC, 14 dump wagons were used to support two harvesters while nine cane wagons were used in SB. On the other hand, larger number of forage wagons in SC resulted in higher waiting time ratio of wagons compared to cane wagons in SB. Higher cost of collection operation in SC compared to SB can be observed in Fig. 6 . Similar to willow yield scenarios, despite significant differences between C m and harvesting costs of SA compared to the other three scenarios, such differences were not observed in their system efficiency. As discussed before, system efficiency reflects the utilization of the equipment during their scheduled machine hours. Due to the smaller size of dump cart in SA compared to other collection equipment in SB, SC, and SD, large number of loads were delivered to the roadside of willow fields resulting in longer operating times of collection equipment in the system ( Table 9 ). The number of loads in SA were 66% greater than SB, 163% greater than SC, and 295% greater than SD. In addition, the productive time ratio of collection equipment in SA was 14% higher than SB, 4% higher than SC, and 19% more than SD.
Overall, the simulation results showed that crop yield and type of collection equipment had the highest impact on the total operating cost and the equipment fleet size. Parcel size and transportation distance to the intermediate storage site also affected these two performance indicators but the impact is less. Field shape had the least impact on the overall performance of the system compared to the other four input parameters. The simulation results suggest that a combination of performance indicators need to be considered to evaluate the overall performance of the dynamic and complex system of willow harvesting, collection and transportation. As shown in the cases of willow yield and type of collection equipment, although significant differences were observed in effective material capacity of the harvester and its operating cost among considered scenarios, such differences were not necessarily observed in the system efficiency. In the case of parcel size, higher effective material and field capacity of the harvester and the system efficiency do not necessarily translate into the lower total operating cost. Another important outcome of the simulation analysis was that large equipment fleet size in the system complicated the coordination among harvest, collection, and transportation equipment and resulted in longer waiting times and higher variability in the total operating cost. Thus, equipment fleet size can influence the robustness of the system to meet an expected performance, especially a target logistics cost.
The system with the lowest overall production cost ($23.25/Mg dry ) occurred in the scenario when silage trucks were used and the loading equipment and chip trucks to move biomass to the storage site were not needed. In essence, this reduced the number of pieces of equipment in the overall system in addition to reducing the number of pieces of collection equipment because of the capacity of silage trucks. While this was shown to be the best system, marginal land in the northeast where willow is being grown is often poorly drained. So, opportunities to use silage trucks are often limited by wet field conditions. Less than 15% of the willow acreage harvested in the past 5 years (2013-2017) allowed the use of silage trucks. Silage trucks are less flexible than other collection systems and more sensitive to tire damage, especially front tires. So, planning for the use of these collection systems needs to occur at the time of planting.
In addition to minimizing the logistics steps, and in association the number of pieces of equipment involved in harvesting, collecting, and transporting biomass, such as using silage trucks, other options exist that should be explored. Short-term storage sites can be located close enough to willow fields so that tractors and wagons could transport material directly without the need for chip trucks and loading equipment. The size of the wagons and the distance they have to travel would impact cycle times and the number of pieces of equipment but may provide cost savings for the entire system. In addition, short-term storage sites at the roadside of SRWC fields can be considered for conditions such as large fields or when fields are far dispersed. Such alternative scenarios will be explored using the IBSAL simulation model in future studies. The comparison of these logistics scenarios can enhance the knowledge of developing cost-efficient SRWC logistics systems.
In this study, minimum total cost of harvest, collection, and transportation operations was used to determine the number of harvest, collection, and transportation equipment. However, in practice, if there is a limitation on the availability of these pieces of equipment during the harvest season or the number of working days are limited due to factors such as operator shortage and weather conditions, the developed IBSAL simulation model and the scenario analysis approach can evaluate the impacts of these limitations on different performance indicators.
It should be noted that the measured impacts in this study may differ from other regions depending on the characteristics of fields, biomass crops, and logistical equipment. In addition, the magnitude of impacts can be more significant in industrial applications as thousands of acres are usually needed in a supply area to meet feedstock demand of a large-scale bioconversion facility and the logistical equipment fleet needs to be relocated among willow fields. This can be explored in future research. In addition to crop, field, and equipment parameters, the impact of operator's experience on the system performance can be evaluated. Fig. 6 Costs of harvest, collection, and transportation operations in willow biomass crops using four different types of collection equipment. For silage truck scenario, chip trucks are not included because the silage truck delivers chips directly to the intermediate storage
Conclusions
The developed IBSAL simulation model and the scenario analysis approach in this study enhanced the understanding of the impacts of five major input parameters on the integrated system. This was made possible by quantifying the impacts of these parameters on various system performance indicators. The obtained results suggest that with a careful consideration of field conditions such as parcel size and field shape, crop conditions such as yield, location of fields and storage sites, and type of collection equipment, high system performance and significant cost reduction can be achieved. The results also showed that multiple performance indicators are required to evaluate and improve the overall performance of the integrated system as there is a strong connectivity between harvest, collection, and transportation operations and improvement in one operation can have adverse effect on other operations. In addition, the right fleet size can help minimize the variability in system performance such as operating costs and develop an integrated system with predictable performance.
